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ABSTRACT
Radiatively inefficient accretion flow models have been shown to accurately account
for the spectrum and luminosity observed from Sgr A* in the X-ray regime down to
mm wavelengths. However, observations at a few GHz cannot be explained by thermal
electrons alone but require the presence of an additional non-thermal particle popula-
tion. Here, we propose a model for the origin of such a population in the accretion flow
via means of a pulsar orbiting the supermassive black hole in our Galaxy. Interactions
between the relativistic pulsar wind with the disc lead to the formation of a bow shock
in the wind. During the pulsar’s transit through the accretion disc, relativistic pairs,
accelerated at the shock front, are injected into the disc. The radio-emitting particles
are long-lived and remain within the disc long after the pulsar’s transit. Periodic pulsar
transits through the disc result in regular injection episodes of non-thermal particles.
We show that for a pulsar with spin-down luminosity Lsd ∼ 3 × 1035 erg s−1 and a
wind Lorentz factor of γw ∼ 104 a quasi-steady synchrotron emission is established
with luminosities in the 1− 10 GHz range comparable to the observed one.
Key words: Galaxy: centre – (stars:) pulsars: general – radiation mechanisms: non-
thermal – radio continuum: galaxies
1 INTRODUCTION
The compact radio source Sgr A*, associated with the su-
permassive black hole (SMBH) of mass MBH = 4.3 × 106
M, marks the location of our Galactic Centre (GC) at a
distance of ∼ 8.3 kpc (Genzel et al. 2010; Chatzopoulos
et al. 2015). Observations in the mm wavelength range up
to the submillimeter bump can be described by the emission
of thermal electrons in radiatively inefficient accretion flow
(RIAF) models (Narayan et al. 1995). However, a thermal
distribution alone falls short of explaining radio observations
in the few GHz range and requires an additional dominant
contribution from non-thermal electrons in order to account
for this deficiency (O¨zel et al. 2000; Yuan et al. 2003). An
enhancement of the effective temperature within the disc
by non-local transport processes can also be used in RIAF
models in order to match the radio observations (Narayan
et al. 1995). Alternatively, the radio emission may originate
in a outflow or jet (Markoff et al. 2007; Falcke et al. 2009).
However, the evidence for the presence of a jet in Sgr A* is
inconclusive.
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The GC region is expected to harbor thousands of radio
pulsars, but despite numerous searches, these objects remain
elusive. Resolving the “missing pulsar” problem is both an
observational and theoretical challenge. From an observa-
tional standpoint, these objects provide an excellent probe
of the ionized gas surrounding Sgr A* (Cordes & Lazio 1997)
and can be used to test predictions of general relativity in
the vicinity of the black hole (Pfahl & Loeb 2004). A popu-
lation of hundreds to thousands of observable radio pulsars
have been proposed to reside within the inner pc of the GC
(Wharton et al. 2012; Chennamangalam & Lorimer 2014).
A similar population size of millisecond pulsars (MSPs) was
also argued to reside in the vicinity of the GC and can ac-
count for the Fermi observed GeV excess (Brandt & Kocsis
2015). The view that a large number of young neutron stars
are contained in the GC region has since been supported by
the discovery of a magnetar located at a distance of ∼ 0.1
pc from the SMBH (Eatough et al. 2013; Mori et al. 2013;
Rea et al. 2013).
In this letter, we propose a mechanism for the injection
of the non-thermal particles required to accurately describe
the radio observations at a few GHz. A fiducial pulsar resid-
ing within ∼ 0.1 pc of the GC can interact with the accretion
flow leading to the formation of a bow shock in the relativis-
tic wind of the neutron star (for a derivation of its shape,
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see Wilkin (1996), Christie et al. (2016) and for an applica-
tion to pulsar wind nebulae, see Bucciantini et al. (2005)).
Electron-positron pairs, accelerated at the shock front, mix
with the turbulent disc. They remain in the disc for an ac-
cretion timescale while cooling via synchrotron radiation.
The pulsar’s orbit around the black hole results in regular
interceptions with the disc which establishes a continuous
injection of non-thermal electrons.1
This letter is structured as follows. In Section 2, we
present the properties of the pulsar’s transit through the
disc. In Section 3, we determine the temporal evolution of a
distribution of non-thermal particles being injected within
the disc and the resulting synchrotron spectrum. In Sec-
tion 4, we study the cumulative emission resulting from
continuous transits through the disc and conclude with a
discussion in Section 5.
2 PULSAR TRANSITS PROPERTIES
From the discovery of the 0.1 pc magnetar, Giannios &
Lorimer (2016) argued that as many as ∼ 10 neutron stars,
with ages ∼ 104 yr, may be orbiting Sgr A*. Because of
their young age, their spin-down luminosities can be very
large Lsd & 1035 erg s−1 (Manchester et al. 2005). We con-
sider a pulsar whose orbit lies within 0.1 pc of the GC. For
simplicity, we assume that the pericenter passage, at a radial
distance Rp from the black hole, coincides with the pulsar’s
transit through the accretion disc of Sgr A* (see Fig. 1). The
characteristic stellar velocity at Rp is
vp ' c
√
2Rg
Rp
' 3.4× 108R−1/2p,16 cm s−1 (1)
where Rg = GMBH/c
2 ' 6.4× 1011 cm is the gravitational
radius for a black hole of mass MBH = 4.3×106 M. Hence-
forth, we adopt the notation Qx = Q/10
x in cgs units. The
timescale in which it takes the pulsar to complete its peri-
center transit through the accretion disc is estimated as
tp ∼ Rp
vp
∼ 3× 107R3/2p,16 s ∼ 1R3/2p,16 yr. (2)
Chandra can resolve the thermally emitting gas located
at a radial distance of Rb ∼ 1017 cm where the inferred
gas density is nb = 100 cm
−3 (Baganoff et al. 2003). For
distances < Rb, a geometrically thick accretion disc is ex-
pected to form (Roberts et al. 2016). The density pro-
file within the disc is model dependent, and can scale as
∝ R−3/2 for advection-dominated accretion flow (ADAF)
models (Narayan & Yi 1995) or ∝ R−1/2 for a convection-
dominated accretion flow (CDAF) (Quataert & Gruzinov
2000). Here, we adopt a density profile in the disc of n(R) =
nb (Rb/R), such that np = 10
3 nb,2Rb,17R
−1
p,16 cm
−3. The
temperature of the disc is expected to approach the Virial
temperature, regardless of the disc model. We may write the
disc gas pressure as Pth = 0.2npmpGMBH/Rp, where mp is
the proton mass. The magnetic field pressure of the disc can
be parameterized as a fraction B of the thermal pressure,
1 When stating electrons or particles, we are referring to both
electrons and positrons.
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Figure 1. Sketch of a pulsar’s transit through the accretion disc
(not to scale). The pulsar is assumed to traverse a distance of
∼ 2H(Rp) through the disc, where H is the half-width of the
disc. Relativistic electrons from the shocked pulsar wind, denoted
by the shaded maroon region, spread throughout the disc mixing
with the disc gas via turbulent eddies. The energetic particles
remain in the disc until they accrete onto the black hole. While
in the disc, these particles cool via synchrotron radiation.
thereby allowing us to estimate the magnetic field strength
as Bp =
√
8piBPth ' 0.007 1/2B,−1 n1/2b,2 R1/2b,17R−1p,16 G.
During the pulsar’s transit through the disc, interac-
tions between the pulsar wind and the disc lead to the forma-
tion of a termination shock in both mediums (i.e., a forward
and a reverse shock in the disc and wind, respectively). The
wind is terminated close to the pulsar, at a distance of Rt =√
Lsd/4picmpnpv2p ∼ 6 × 1013 L1/2sd,35.5Rp,16n−1/2b,2 R−1/2b,17 cm
(Giannios & Lorimer 2016). Relativistic particles, acceler-
ated at the reverse shock, flow along with the shocked wind
behind the star into a cylindrical tail region of typical size
∼ Rt, where the thermal pressure of the shocked fluid is
∼ Pth (Bucciantini 2002). We assume that the accretion
flow is turbulent i.e., it contains eddies of different length
scales l that both disrupt the shocked wind and mix it
with the disc gas. The mixing of the fluids due to eddies
of length scale l happens on their typical turnover timescale
t ∼ tp(l/H(Rp))2/3, where a Kolmogorov type of turbulent
cascade was assumed (Pope 2000) and H is the half-width
of the disc. The mixing on length scales of Rt happens fast
compared to the pericenter time (t . 0.1 tp for typical model
parameters). The efficient mixing of the shocked wind with
the disc gas allows the relativistic particles to be injected
into the disc.
The injected particles remain within the disc after
the pericenter time until they accrete onto the black hole.
While in the disc, these particles cool via synchrotron radi-
ation. The accretion timescale is estimated as taccr(Rp) ∼
R2p/α csH(Rp), where H(Rp) ∼ Rp (cs/vp), cs ∼ vp
√
Γ/10
is the sound speed of the disc gas, Γ is its adiabatic index,
and α is the disc α-viscosity parameter. For Γ = 5/3 and
α = 10−2 α−2 the accretion timescale is
taccr ∼ 600 tp α−1−2 ∼ 600R3/2p,16 α−1−2 yr. (3)
3 PARTICLE DISTRIBUTION & SPECTRA
During the pericenter transit of the pulsar, relativistic elec-
trons, assumed to follow a power-law distribution, are in-
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Figure 2. Plots of the temporal evolution of the electron distribution (left), as governed by eqns. 7 and 9, and the synchrotron spectra
(right) for the times marked on the left plot. The shaded region on the right plot denotes the 2− 10 keV range.
jected into the disc at a constant rate. The injection of parti-
cles ceases abruptly after the transit. These particles remain
in the disc for an accretion timescale, during which they cool
via synchrotron radiation. Let N(γ, t) denote the number of
electrons at time t having Lorentz factors between γ and
γ+dγ. The temporal evolution of the particle distribution
N(γ, t) up to tp is determined by the following equation
∂tN(γ, t)− b ∂γ [γ2N(γ, t)] = Qe(γ, t), (4)
with the injection rate of relativistic particles being
Qe(γ, t) = Q0 γ
−p S(γ; γmin, γmax)S(t; 0, tp). (5)
Here, S(y; y1, y2) is a unit boxcar function, b ≡
B2pσT/6pimec, and Q0 is
Q0 =
Lsd(p− 2)
mec2(γ
2−p
min − γ2−pmax)
; p 6= 2. (6)
Assuming Bohm acceleration at the reverse shock, the
maximum Lorentz factor of the particles is γmax ≈√
6piq/BpσT ≈ 1.4 × 109 −1/4B,−1 n−1/4b,2 R−1/4b,17 R1/2p,16. The
adopted γmin value corresponds to a Lorentz factor in the
un-shocked pulsar wind of γw = γmin (p−1)/(p−2) = 6 γmin,
assuming p = 2.2.
Eqn. 4 can be solved analytically (Kardashev 1962) and
has the following solution
N<tp(γ, t) =
Q0 γ
−1−p
b (p− 1) f(γ, t) (7)
where the subscript “< tp” refers to times below tp and
f(γ, t) is defined as
f(γ, t) =

1− (1− b t γ)p−1 γmin < γ 6 γc1(t)
1− ( γmax
γ
)1−p γc1(t) 6 γ < γmax
[1− ( γmax
γmin
)1−p]( γmin
γ
)1−p γc1(t) < γ 6 γmin
[( γmin
γ
)1−p − (1− b t γ)p−1] γc2(t) 6 γ < γmin
, (8)
where γc1(t) ≡ γmax/(1 + b γmaxt) and γc2(t) ≡ γmin/(1 +
b γmint).
The injection of accelerated particles ceases for t > tp at
which point the pulsar has left the disc. However, the parti-
cles from the initial injection remain in the disc and continue
to cool as they are advected radially inwards. To track the
temporal evolution of the remaining particles for t > tp, we
solve eqn. 4 without an injection term (i.e.Qe(γ, t) = 0) with
the condition that N>tp(γ, tp) = N<tp(γ, tp). The resulting
solution (Kardashev 1962) is
N>tp(γ, t) = (1− b γ (t− tp))−2N<tp
(
γ
1− b γ (t− tp) , tp
)
. (9)
For the numerical examples presented in this letter, we
adopt the following parameter set: γmin = 10
3 γmin,3, Lsd =
3×1035 Lsd,35.5 erg s−1, p = 2.2, andRp,16 = 5. As the pulsar
properties cannot yet be constrained, we provide general
expressions for the parametric dependence of our results.
The temporal evolution of the particle distribution is shown
by the left panel in Fig. 2. Shortly after tp, particles with
high Lorentz factor quickly cool resulting in a narrower γ
range for the distribution (see inset plot in left panel of
Fig. 2).
The total radiated power per unit frequency for a distri-
bution of relativistic electrons is calculated using the stan-
dard equations (Rybicki & Lightman 1986). The temporal
evolution of the synchrotron spectrum is presented in the
right panel of Fig. 2. There is a steady increase in luminosi-
ties over all frequencies up to tp after which all emission
above the near infrared (IR) regime quickly decreases. This
sudden decrease is due to both fast cooling electrons and the
cessation of freshly injected particles.
The X-ray luminosity at tp (shaded region in the right
panel of Fig. 2) is given by
νLν ∼ 4× 1033 Lsd,35.5 γ1/5min,3

1/20
B,−1n
1/20
b,2 R
1/20
b,17
R
1/10
p,16 ν
1/10
18
erg s−1, (10)
where we have used p = 2.2. As long as the X-ray emit-
ting electrons are fast cooling, the X-ray luminosity is pro-
portional to Lsd with a very weak dependence on all other
parameters, including the density profile of the disc. The
short synchrotron cooling timescale for the X-ray emitting
electrons leads to a sharp drop in the emission after the tran-
sit. We therefore predict a non-thermal X-ray flaring event,
with luminosities given by eqn. 10 and duration determined
by the pericenter time (see eqn. (2) and Giannios & Lorimer
(2016)). The quiescent X-ray luminosity observed from the
GC is measured at LX ≈ 2.4× 1033 erg s−1 (Baganoff et al.
2003), making the emission from such a transit, in principle,
detectable. This flaring event should not be confused with
short duration IR and X-ray flares, occurring on timescales
c© 2016 RAS, MNRAS 000, ??–??
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Figure 3. Left: Plot of the cumulative light curve at 1.2 GHz for twenty pericenter transits through the accretion disc, shown as
individual colored lines. The horizontal, dashed line denotes the typical 1.2 GHz luminosity from Sgr A*. Right: Plot of the temporal
evolution of the synchrotron spectrum overplotted with the observed radio spectrum (Falcke et al. 1998). This model can account for
the observed emission . 1010 Hz. For higher frequencies, cyclo-synchrotron emission from thermal electrons, represented by the dashed
line adopted from O¨zel et al. (2000), is expected to dominate.
of minutes to hours, emanating from the GC (Baganoff et al.
2003; Ghez et al. 2004).
The radio-emitting electrons have a long cooling
timescale, tcool  tp, and are therefore left in the disc to
radiate long after the transit. Our model predictions for the
radio emission are not sensitive to the acceleration mecha-
nism, in contrast with the X-ray emission, and fall within
the ν1/3 part of the spectrum.
4 MULTIPLE TRANSITS THROUGH DISC
Members of the S-Cluster, a group of tens of massive stars
observed within 0.1 pc of the GC, are characterized by highly
elliptical orbits (Gillessen et al. 2009). Here, we consider a
pulsar with similar orbital parameters, i.e. with an apocenter
distance of Rapo ≈ 5Rp ≈ 2.5 × 1017Rp,16.7 cm, which cor-
responds to an orbital period of Torb ≈ 485 yr. The number
of transits through disc on one accretion timescale is esti-
mated as Norb ∼ taccr(Rp)/Torb ∼ 13, where we assumed
one pulsar transit per orbital period.
During each of these transits through the disc, the pul-
sar continuously injects more particles thereby increasing
the cumulative emission. It takes ∼ Norb transits for the
establishment of a quasi-steady emission, as shown by the
1.2 GHz light curve in the left panel of Fig. 3. The result-
ing emission reaches a luminosity that is comparable to the
observed one (represented by the horizontal, dashed line).
The temporal evolution of the radio synchrotron spec-
trum over a period of 13 transits, overplotted with GC ra-
dio observations (Falcke et al. 1998), is shown in the right
panel of Fig. 3. Each successive line represents the cumula-
tive spectrum after an additional transit through the disc. In
the GHz frequency range, the model-predicted synchrotron
spectrum is comparable with the observed one in terms of
spectral shape and luminosity.
The dependence of the quasi-steady radio emission on
the selected parameters can be estimated as follows
νLν ≈ NtotNorb (νPν), (11)
where Ntot ∼ Lsd tp/mec2γw is an estimate for the total
number of injected particles and νPν is the total radiated
power per particle. The latter component has asymptotic
analytical expressions for the ν1/3 part of the synchrotron
spectrum (see Rybicki & Lightman (1986)). The cumulative
quasi-steady emission at 1 GHz is
νLν ∼ 8× 1031 Lsd,35.5 α−1−2 ν4/39 γ−1w,3 γ−2/3min,3×

1/3
B,−1n
1/3
b,2R
1/3
b,17R
5/6
p,16
(
1 +
Rapo,17.4
Rp,16
)−3/2
erg s−1.
(12)
This depends weakly on the magnetic field strength and, in
turn, on the disc density at the pericenter distance. This
approximation for the cumulative emission can be applied
to obtain an estimate for the quasi-steady radio emission
using other pulsar parameters with the requirement that
the considered frequency is ν < νc and ν < νmin. Here, νc
and νmin are the synchrotron frequencies corresponding to
Lorentz factors of electrons that cool over taccr and that are
injected at γmin, respectively.
5 DISCUSSION
The injection of non-thermal particles, required in RIAF
models to explain the radio emission at a few GHz, can re-
sult from a pulsar’s transit through the accretion disc of
Sgr A*. We consider the pulsar’s orbit to lie within ∼ 0.1 pc
from the GC and track the continuous injection of particles
over each transit. We find that a quasi-steady emission is
established with luminosities in the GHz range comparable
to observations. Our fiducial pulsar was chosen to have a
spin-down luminosity of Lsd = 3 × 1035 erg s−1, which is
typical for young neutrons stars with ages . 105 yr. Since
a magnetar with an age less than this is known to reside in
the vicinity of the GC and magnetars are a modest fraction
of young neutron stars, choosing such a value for the lumi-
nosity is not extreme. Similar results for the cumulative ra-
dio emission can come from the transits of multiple pulsars.
However, the pulsar with the largest spin-down luminosity
is likely to dominate the cumulative emission.
In this Letter, we focused on the emission from particles
accelerated at the reverse shock. A low Mach number shock
c© 2016 RAS, MNRAS 000, ??–??
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is also expected to form in the disc. However, its contribution
to the cumulative synchrotron emission is expected to be
negligible, as the injected power in accelerated electrons is
much lower than Lsd. It is noteworthy that the GHz emission
produced at the reverse shock does not depend on the details
of the acceleration process, as it is produced by the pairs
thermalized at the shock. These particles dominate in both
number and energy downstream from the shock front (Sironi
& Spitkovsky 2009).
Synchrotron self-absorption is not important in the ob-
served bands. Considering a distribution of energetic par-
ticles residing within a region with volume ∼ R3p the op-
tical depth was determined to be τ  1 for frequencies
ν > 108 Hz, therefore allowing these effects to be ignored
within our model.
Throughout this work, the magnetic field strength of the
disc was taken to be constant. It is expected, however, that
the magnetic field is radially dependent and, more specif-
ically, increases in the inner disc regions (Sa¸dowski et al.
2013). Considering this would lead to a more refined cumu-
lative radio emission produced by the pairs. The presence of
a small non-thermal population of electrons has also been
shown to increase both the effective brightness temperature
of the disk as well as the shape of the image of the source
(O¨zel et al. 2000). Ultimately, an advancement upon our
model can be made by carefully following the pairs as they
are advected through the disc.
The detection of GC pulsars is required to evaluate the
feasibility of our model and to constrain its parameters. Ra-
jwade et al. (2016) argue that previous surveys have only
probed ∼ 2% of the total pulsar population within 1 pc of
GC. Future surveys with the Square Kilometre array (SKA),
with initial operations beginning in 2020, would probe a
large portion of the proposed population.
ACKNOWLEDGMENTS
We thank the anonymous referee for insightful comments
and Dr. S. Dimitrakoudis for producing the sketch pre-
sented in Fig. 1. M.P. acknowledges support for this work
by NASA through Einstein Postdoctoral Fellowship grant
number PF3 140113 awarded by the Chandra X-ray Center,
which is operated by the Smithsonian Astrophysical Obser-
vatory for NASA under contract NAS8-03060. PM acknowl-
edges the support from the European Research Council
(grant CAMAP-259276), and the partial support of grants
AYA2015-66899-C2-1-P and PROMETEO-II-2014-069.
REFERENCES
Baganoff F. K. et al., 2003, Astrophysical Journal, 591, 891
Brandt T. D., Kocsis B., 2015, Astrophysical Journal, 812,
15
Bucciantini N., 2002, Astronomy & Astrophysics, 387, 1066
Bucciantini N., Amato E., Del Zanna L., 2005, Astronomy
& Astrophysics, 434, 189
Chatzopoulos S., Fritz T. K., Gerhard O., Gillessen S.,
Wegg C., Genzel R., Pfuhl O., 2015, Monthly Notices of
the Royal Astronomical Society, 447, 948
Chennamangalam J., Lorimer D. R., 2014, Monthly Notices
of the Royal Astronomical Society, 440, L86
Christie I. M., Petropoulou M., Mimica P., Giannios D.,
2016, Monthly Notices of the Royal Astronomical Society,
459, 2420
Cordes J. M., Lazio T. J. W., 1997, Astrophysical Journal,
475, 557
Eatough R. P. et al., 2013, Nature, 501, 391
Falcke H., Goss W. M., Matsuo H., Teuben P., Zhao J.-H.,
Zylka R., 1998, Astrophysical Journal, 499, 731
Falcke H., Markoff S., Bower G. C., 2009, Astronomy &
Astrophysics, 496, 77
Genzel R., Eisenhauer F., Gillessen S., 2010, Reviews of
Modern Physics, 82, 3121
Ghez A. M. et al., 2004, Astrophysical Journal Letters, 601,
L159
Giannios D., Lorimer D. R., 2016, Monthly Notices of the
Royal Astronomical Society, 459, L95
Gillessen S., Eisenhauer F., Trippe S., Alexander T., Genzel
R., Martins F., Ott T., 2009, Astrophysical Journal, 692,
1075
Kardashev N. S., 1962, Soviet Astronomy, 6, 317
Manchester R. N., Hobbs G. B., Teoh A., Hobbs M., 2005,
Astronomical Journal, 129, 1993
Markoff S., Bower G. C., Falcke H., 2007, Monthly Notices
of the Royal Astronomical Society, 379, 1519
Mori K. et al., 2013, Astrophysical Journal Letters, 770,
L23
Narayan R., Yi I., 1995, Astrophysical Journal, 444, 231
Narayan R., Yi I., Mahadevan R., 1995, Nature, 374, 623
O¨zel F., Psaltis D., Narayan R., 2000, Astrophysical Jour-
nal, 541, 234
Pfahl E., Loeb A., 2004, Astrophysical Journal, 615, 253
Pope S. B., 2000, Turbulent Flows. p. 806
Quataert E., Gruzinov A., 2000, Astrophysical Journal,
539, 809
Rajwade K., Lorimer D., Anderson L., 2016, ArXiv e-prints
Rea N. et al., 2013, The Astronomer’s Telegram, 5032
Roberts S. R., Wang Q. D., Jiang Y.-F., Ostriker J. P.,
2016, ArXiv e-prints
Rybicki G. B., Lightman A. P., 1986, Radiative Processes
in Astrophysics. p. 400
Sa¸dowski A., Sironi L., Abarca D., Guo X., O¨zel F.,
Narayan R., 2013, Monthly Notices of the Royal Astro-
nomical Society, 432, 478
Sironi L., Spitkovsky A., 2009, Astrophysical Journal, 698,
1523
Wharton R. S., Chatterjee S., Cordes J. M., Deneva J. S.,
Lazio T. J. W., 2012, Astrophysical Journal, 753, 108
Wilkin F. P., 1996, Astrophysical Journal Letters, 459, L31
Yuan F., Quataert E., Narayan R., 2003, Astrophysical
Journal, 598, 301
c© 2016 RAS, MNRAS 000, ??–??
